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The effect of the geometry dependence of spin-orbit splitting on transition state theory (TST) predictions for
radical-radical recombination rate coefficients is examined. The effects are illustrated with direct ab initio
variable-reaction-coordinate (VRC)-TST calculations for the reactions of two types of hydrocarbon radicals
(R ) CH3 and CH2CHCH2) with three halogen atoms (X ) F, Cl, and Br). These halogen atoms exhibit a
range of spin-orbit interaction strengths, while their interactions with the two hydrocarbon radicals exhibit
a range of attractiveness. The transition state dividing surfaces for these barrierless reactions occur over a
range of R-X fragment separations (∼3-7 Å) where the magnitude of the spin-orbit splitting is strongly
geometry dependent. Perturbative models for incorporating the energetic effect of spin-orbit splitting into
barrierless kinetics are presented and tested. Simply neglecting the variation in the spin-orbit splitting is
demonstrated to contribute an error of less than 15% to the predicted rate coefficients for all but the CH2CHCH2

+ Br reaction, where its neglect increases the rate by up to a factor of 2. For the CH2CHCH2 + Br reaction,
the effect of spin-orbit splitting is not perturbative and instead qualitatively changes the long-range interaction
potential and association dynamics. The present theoretical predictions are compared with available experimental
measurements and previous theoretical work. For the CH3 + F association reaction, the errors associated
with limitations in the basis set and in the active space are studied, and a detailed comparison is made between
VRC-TST and rigid rotor-harmonic oscillator variational TST.

I. Introduction

During molecular bond formation between a radical with
degenerate electronic states (such as a halogen atom) and some
other radical or molecule, the spin-orbit splitting associated
with the degenerate radical generally decreases to near zero.
The kinetic significance of this variation in the spin-orbit
interaction depends on the magnitude of this variation relative
to the magnitude of the interaction potential in the transition
state region (and also relative to thermal energies). Theoretical
predictions for the recombination rate coefficient typically
consider one of two limits to account for this spin-orbit
splitting. If the transition state lies at very large fragment
separations, then the spin-orbit splitting is presumed to be close
to its asymptotic fragment value, and its variation is ignored.
Alternatively, in the opposite limit of a small fragment separation
at the transition state, the spin-orbit splitting is presumed to
be small enough that its effect on the potential in the transition
state region may be ignored.

The appropriateness of these two pictures and the kinetic
significance of the variation depends on the details of the two
interactions. At temperatures that greatly exceed the asymptotic
spin-orbit interaction energy, the two limiting pictures yield
the same predictions for the rate coefficients. However, at lower
temperatures, the effect may be quite substantial with the two
limits yielding very different predictions. Unfortunately, it is
not clear which limit should be more generally appropriate.

To date there have been very few studies of this variation
and its effect on the association kinetics. Tashiro and Schinke
employed time-dependent wave packets to study the capture
rate for O + O2 on multiple electronic states and found little
effect from spin-orbit coupling.1 The qualitative analysis in
our transition state theory (TST) study of the CH3 + Cl reaction
suggested that the predictions for the capture rate coefficient
are strongly dependent on this variation in the spin-orbit
interaction strength.2 For the CH3 + OH reaction, our TST
analysis, which included a geometry dependent spin-orbit
interaction, found that the simple neglect of the variation yielded
accurate predictions for the capture rate.3

In this article, we consider the balance between the variation
in the spin-orbit interaction and the strength of the chemical
interaction for six representative reactions. In particular, we
consider the association reactions of methyl (CH3) and allyl
(CH2CHCH2) radicals with the three halogens F, Cl, and Br.
The consideration of three halogen atoms and two hydrocarbon
radicals (one of which is resonantly stabilized) allows us to
determine the effect of the spin-orbit splitting on the rate
coefficients for a wide range of spin-orbit coupling strengths
(∼400 to 4000 cm-1) and dynamical regimes. The methyl radical
represents a prototypical hydrocarbon radical, while the reso-
nance stabilization in the allyl radical yields transition states
that are relatively tight for a barrierless recombination.

The dynamical bottlenecks for barrierless association typically
occur at fragment separations that are large relative to chemical
bonding distances, and these separations vary significantly as a
function of energy and temperature. The theoretical determi-
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nation of the kinetics of such radical-radical reactions is
complicated by the need to characterize the wide region of the
interaction potential energy surface associated with these
dynamical bottlenecks. Here, the kinetics for these six reactions
are studied with variable reaction coordinate transition state
theory4-6 (VRC-TST), which has been developed to accurately
and efficiently treat such barrierless reactions. VRC-TST,
coupled with direct evaluations of the interaction potential
energy surface using multireference electronic structure theory
methods, has recently been used to predict accurate rate
coefficients for several radical-radical hydrocarbon association
reactions7-10 and for reactions involving oxygen-containing
species.3,11 This direct coupling with electronic structure evalu-
ations allows for the explicit inclusion of the geometry depend-
ent spin-orbit interaction in the TST analysis. Here, we test
the importance of explicitly considering this geometry depen-
dence of the spin-orbit splitting over the extended region of
the potential energy surface in VRC-TST calculations.

The reactions of halogen atoms with hydrocarbon radicals
are also of chemical interest. Chlorine and bromine in the
atmosphere deplete ozone, and long-lived halogen source gases
(CFCs, halons, etc.) play an important role in delivering
chemically active halogen atoms to the stratosphere.12 Despite
considerable attention, significant uncertainties in the atmo-
spheric chemistry of halocarbons remain. Accurate laboratory
measurements of the rate coefficients of reactions involving
radicals are often difficult to achieve because of their short
lifetimes, and fast competing reactions may lead to complex
secondary chemistries. Thus, another goal of the present study
is to validate the ab initio VRC-TST method for predicting rate
coefficients for barrierless reactions involving halogen atoms.

Accurate rate coefficients for the CH3 + X (X ) F, Cl, and
Br) reactions are of practical importance in laboratory measure-
ments of rate coefficients for the atmospherically relevant CH4

+ Xf CH3 + HX reactions, as the reaction of the free halogen
atom with the methyl radical product may comprise an important
secondary pathway for radical consumption. There are relatively
few experimental and theoretical studies of the CH3 + X
association reactions in the literature. Biederhase et al.13

measured the rate coefficient for CH3 + F at room temperature,
and Wang et al.14 characterized the energetics and kinetics of
the CH3F system in detail theoretically. Krasnoperov et al.15

measured the rate coefficient for CH3 + Br at room temperature
and elevated pressures. The CH3 + Cl reaction was studied2

both theoretically and experimentally at low pressures, and,
although good agreement between theory and experiment was
obtained, some ambiguity in the treatment of the spin-orbit
splitting associated with the Cl atom was identified in the
predicted high-pressure rate coefficient.

The reactions of F, Cl, and Br with the resonantly stabilized
allyl radical (•CH2-CHdCH2) are even less studied. Bedjanian
et al.16 measured the room temperature rate for CH2CHCH2 +
Br association. Harding et al.9 previously studied the reactions
of several resonantly stabilized radicals, including allyl, with
H atoms using the ab initio VRC-TST method, and good
agreement between the predicted rates and available experi-
mental values was obtained in that study. The VRC-TST
dynamical bottlenecks (transition states) for association in
reactions involving resonantly stabilized radicals and H atoms
were shown to occur at short fragment distances relative to those
for other radical-radical addition reactions, such as CH3 + H.

II. Theory

High pressure limit (capture) rate coefficients for six R + X
reactions (R ) CH3, CH2CHCH2; X ) F, Cl, Br) were computed

using direct ab initio VRC-TST, as implemented in the computer
code VaReCoF17 and as described in detail elsewhere.6 A
dynamical correction of 0.9 was applied to correct for recrossing,
as determined previously for atom-molecule reactions.7

Two types of transition state dividing surfaces were consid-
ered: center of mass (CoM) dividing surfaces with fixed CoM
separations varying from 2 to 7 Å and multifaceted (MF)
dividing surfaces18 with a pair of pivot points displaced from
the radical C atom above and below the plane of the hydro-
carbon fragment. MF dividing surfaces are generalizations of
VRC4 dividing surfaces and are often necessary for accurately
treating barrierless association reactions with multiple reactive
sites at moderate and high temperatures.

Thermal rate coefficients were obtained via Boltzmann
averages over variationally optimized microcanoncal rates
k(E,J), where E is the total energy and J is the total angular
momentum. We also consider canonical variational theory
(CVT) calculations, where the variational optimizations were
carried out at the thermally resolved level. The CVT rate
coefficients are upper limits to the more accurate microcanonical
ones and are not emphasized. The CVT calculations are useful
for simplifying the interpretation of the kinetics calculations,
however, because (for each temperature) a single dividing
surface can be identified as the dynamical bottleneck. Specif-
ically, we report the distance of the forming C-X bond at the
minimum-energy point on the CVT dividing surface for each
temperature T, which is labeled RCVT* (T).

For the CH3 + X reactions, several MF dividing surfaces
were tested and found to not contribute significantly to the
microcanonical variational optimizations over the temperature
range considered here (300-2500 K), lowering the predicted
thermal rate coefficients by no more than 2%. Although MF
dividing surfaces associated with pivot points displaced from
the CoM of the methyl radical were found to be important in
characterizing the kinetics of the CH3 + H,7 CH3 + CH2,11 and
CH3 + CH3

8 association reactions, they were not required for
the CH3 + OH3 reaction. The heavier and less-bulky fragments
and longer-ranged interaction potentials for the OH and X
partners reduces the importance of the shape of the methyl
radical in determining the association kinetics for these reactions.

For the CH2CHCH2 + F reaction, MF dividing surfaces with
various pivot point distances and orientations were considered,
and the inclusion of these MF dividing surfaces lowered the
rate coefficient by less than 3%. MF dividing surfaces were
not considered for the CH2CHCH2 + Cl and Br reactions.

The interaction potential energy surfaces were evaluated
directly during the VRC-TST calculations using multireference
perturbation theory19 (CASPT2) and the augmented Dunning
family of basis sets.20,21 The aug-cc-pVDZ-PP pseudopotential22

was used to represent the filled 1s, 2s, and 2p orbitals of Br;
otherwise, all electrons were treated explicitly using the aug-
cc-pVDZ basis set for the methyl reactions and the aug′-cc-
pVDZ basis set23 for the allyl reactions. The prime on the prefix
“aug” denotes that diffuse basis functions were not included
for the H atoms. The CH3 and CH2CHCH2 fragments were kept
fixed at their B3LYP/6-311++G(d,p) geometries.

The CASPT2 active space consisted of six electrons in four
orbitals (6e,4o) for the CH3 + X reactions, corresponding at
large fragment separations to the radical orbital of CH3 and the
three equivalent valence p orbitals of the halogen atom.
Additional calculations were carried out along the minimum
energy path for CH3 + F association using a full valence (FV)
(14e,11o) active space and using larger basis sets. For the
CH2CHCH2 + X reactions, the three π orbitals on the allyl
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radical and the three p orbitals on the halogen atom were
included in the active space, i.e., a (8e,6o) active space was
used. Orbitals were optimized for the average energy of the three
lowest singlet states during the CASSCF step of the CASPT2
calculation to avoid root flipping problems at extended fragment
separations.

Spin-orbit splitting in the VRC-TST rate calculations was
computed using the CASSCF method, the Breit-Pauli Hamil-
tonian,24 the active spaces discussed above, and the cc-pVTZ
basis set. This method predicts spin-orbit splittings ESO for the
isolated F, Cl, and Br atoms of 390, 820, and 3517 cm-1,
respectively, which may be compared with the experimental
values of 404, 881, and 3685 cm-1.25 For the allyl radical
calculations, the cc-pVDZ basis set was used to evaluate the
spin-orbit splitting; this method predicts atomic spin-orbit
splittings of 374, 818, and 3510 cm-1 for F, Cl, and Br,
respectively. The accuracy of this theoretical treatment of the
spin-orbit splitting is consistent with a previous, more extensive
evaluation of these methods,26 where the predicted splittings
were shown to be only weakly dependent on the level of electron
correlation and basis set.

In the VRC-TST calculations, the vibrational, rotational, and
electronic partition functions are treated as separable, and the
electronic partition function of the reactants is given by

III. Results and Discussion

III.A. The Geometry Dependence of Spin-Orbit Split-
ting. The triply degenerate nonrelativistic 2P ground state of a
halogen atom X is split by spin-orbit interactions into a 2P3/2

state (which is stabilized by ESO/3 relative to the 2P state) and
a 2P1/2 state (which is destabilized by 2ESO/3). The interaction
with a hydrocarbon radical R further splits the degeneracies.
With spin-orbit interactions neglected, the R + X asymptote
correlates with one attractive singlet surface, two repulsive
singlet surfaces, and three repulsive triplet surfaces. Spin-orbit
interactions mix these surfaces into one attractive surface and
11 repulsive surfaces. In the present work, the R + X reactions
are assumed to occur exclusively on the ground state surface,
and dynamical non-Born-Oppenheimer effects, such as transi-
tions between the coupled electronic states, are not considered.

Figure 1 shows the spin-orbit stabilization εSO of the ground
state surface scaled by its maximum value ESO/3 along the
minimum energy paths for association for the six reactions
considered here. In the R + X asymptote, εSO is equal to the
atomic stabilization energy; εSO decreases as the R-X complex
is formed and is generally small for the RX molecule. The
calculated spin-orbit stabilization is similar for the methyl and
allyl fragments, is strongly dependent on the forming C-X
distance (RCX) for RCX ) 3-5 Å, and is relatively independent
of the orientation of the methyl and allyl fragments for attractive
orientations.

Figure 1 also shows the C-X distances associated with the
minimum-energy geometries on the CVT dividing surfaces
(RCVT* ) computed using the VRC-TST method. A detailed
discussion of the results of the VRC-TST calculations is given
in sections III.B and III.C. For now, we simply note that RCVT*
≈ 3-6 Å, which includes the range of C-X distances where
the spin-orbit splitting is strongly geometry dependent.

The interaction energies including spin-orbit splitting VSO

along the minimum energy paths for association are shown in
Figure 2. As expected, the interaction potentials are shorter

ranged for the smaller halogen F and are similar for Cl and Br,
which have similar atomic radii.27 The allyl radical interaction
potentials are somewhat less attractive than those for the methyl
radical reactions at short fragment separations due to the

Qe(T) ) 2(4 + 2 exp(-ESO/kT)) (1)
Figure 1. The left axis shows the scaled spin-orbit stabilization
energies εSO (solid lines) along the (a) CH3 + X and (b) CH2CHCH2

+ X minimum energy paths for association for X ) F (blue), Cl (red),
and Br (green). Also shown is RCVT* (filled symbols; diamonds for F,
triangles for Cl, and circles for Br) as a function of temperature (right
axis). For the CH2CHCH2 + Br reaction, the values of RCVT* for the
c-SO calculation are also shown as open symbols.

Figure 2. CASPT2/aug-cc-pVDZ interaction energies VSO for the CH3

+ X (solid) and CH2CHCH2 + X (dashed) reactions along the minimum
energy paths for association for X ) F (blue), Cl (red), and Br (green).
The inset reproduces the CH3 + F energy and shows the effect of using
the cc-pVDZ basis (red dotted), extrapolating to the CBS limit (green
X), and using a full valence (FV) active space (black +); the CBS and
FV curves are nearly coincident on this scale.

Effect of Spin-Orbit Splitting on Halogen-Radical Reactions J. Phys. Chem. A, Vol. xxx, No. xx, XXXX C



increased stability of the allyl radical arising from resonance
stabilization. The long-range potentials for the allyl reactions
are more attractive, however, as the larger allyl radicals feature
stronger dispersion interactions. These differences suggest that
the transition states for the allyl reactions at moderate and high
temperatures should occur at shorter separations than for the
methyl reactions, which is in fact the case (cf. Figure 1).

Before we discuss the effect of the geometry dependence of
the spin-orbit splitting on the predicted barrierless kinetics, we
first consider the simpler case of incorporating spin-orbit
splitting into TST calculations for reactions with a barrier, such
as CH4 + X f CH3 + HX. For reactions with a barrier, the
saddle point is typically located at bond distances only
moderately extended relative to chemical distances, and the
dynamically important region of the potential energy surface is
often fairly localized around the saddle point. To incorporate
the energetic effect of spin-orbit splitting, it is often a good
approximation to neglect the geometry dependence of the
spin-orbit splitting near the barrier and to simply adjust the
nonrelativistic barrier upward by ESO/3. The relative kinetic
effect of such an adjustment is

where k and k′SO are the nonrelativistic and corrected thermal
rate coefficients, respectively.

The dynamical information in Figure 1 indicates that the
accuracy of the simple thermal correction in eq 2 is questionable
for barrierless reactions. First, the magnitude of the spin-orbit
splitting varies from ∼10-90% of its asymptotic value over
the kinetically relevant region of the potential energy surface.
For barrierless reactions, it may therefore be more appropriate
to correct the nonrelativistic rate using

where C ≈ 0.1-0.9 and is a function of temperature. Second,
the magnitude of the spin-orbit splitting can be similar to that
of the interaction energy (shown in Figure 2) in the long-range
region of the potential energy surface. Therefore, the kinetic
effect of spin-orbit splitting may not be perturbative, as the
treatments in eqs 2 and 3 imply. Instead, spin-orbit splitting
may qualitatively change the nature of the long-range reactive
surface and the geometries associated with the dynamical
bottlenecks for barrierless association.

In general, spin-orbit splitting increases the energy of the
reactive surface relative to the reactants and consequently
reduces the predicted rate. The quantitative effect of spin-orbit
splitting on barrierless kinetics depends sensitively on the
magnitude of the splitting relative to the magnitude of the
interaction energy at the variationally optimized dynamical
bottlenecks for association.

To aid in the interpretation of the theoretical results presented
in the rest of this section, we define

where VSO and V are the R + X interaction energies with and
without the geometry dependence of the spin-orbit splitting
explicitly included at some distance RCX along the minimum
energy path for association. Equation 4 is therefore the relative

change in the interaction energy when the geometry dependence
of the spin-orbit splitting is neglected.

Figure 3 shows ∆ for the six R + X reactions. In general, ∆
is largest for Br, which has the largest spin-orbit splitting. For
Cl, ∆ is reduced relative to Br as VSO is similar for Br and Cl,
but the spin-orbit splitting for Cl is considerably smaller. The
spin-orbit splitting for F is even smaller, but the weaker
interaction potential results in values for ∆ that are larger than
those for Cl.

As seen in Figure 1, the spin-orbit splitting along the reaction
path is similar for the allyl and methyl reactions, and ∆ differs
for the two hydrocarbon radicals primarily due to differences
in V. At short separations, ∆ is somewhat larger for the allyl
radical than for the methyl radical due to the weaker interactions,
although the effect is small. At larger fragment separations, ∆
is considerably reduced for the allyl + X reactions relative to
the methyl + X reactions due to the more attractive long-range
interaction potentials for the allyl radicals, as discussed above.

Figure 3 suggests that the kinetic effect of spin-orbit splitting
will be somewhat larger for the methyl reactions and will be
similar for the three halogen atoms.

III.B. Methyl Radical-Halogen Atom Reactions. In this
section and section III.C, rate coefficients are reported for the
methyl radical-halogen atom and allyl radical-halogen atom
reactions. Our best estimates for each rate coefficient kSO were
obtained by treating spin-orbit splitting as explicitly geom-
etry dependent over the three-dimensional interaction poten-
tial during the direct VRC-TST calculations. These rate
coefficients were fit to modified Arrhenius forms and are
summarized in Table 1.

As discussed in section II, microcanonical variational opti-
mizations were used to compute the VRC-TST rate coefficients
reported here. The use of CVT optimizations resulted in rate

k′SO ) k exp(-ESO/3kBT) (2)

k′′SO ) k exp(-CESO/3kBT) (3)

∆(RCX) ) (V - VSO)/VSO (4)

Figure 3. Relative change in the interaction energy due to the neglect
of the geometry dependence of spin-orbit splitting (∆ in eq 4) for the
CH3 + X (solid) and CH2CHCH2 + X (dashed) reactions along the
minimum energy paths for association for X ) F (blue), Cl (red), and
Br (green). The thick lines highlight the range of RCVT* for 300-2500
K for each reaction.

TABLE 1: VRC-TST Capture Rate Coefficients kSO
a

reaction A (cm3 molecule-1 s-1) n E (K)

CH3 + F 5.96 × 10-11 0.0682 -5.42
CH3 + Cl 9.25 × 10-11 0.0501 18.7
CH3 + Br 9.01 × 10-11 0.124 8.03
CH2CHCH2 + F 7.16 × 10-11 0.0671 -1.28
CH2CHCH2 + Cl 1.00 × 10-10 0.0117 23.2
CH2CHCH2 + Br 6.13 × 10-11 -0.0587 -16.8

a Fit to kSO ) A (T/298 K)n exp(-E/T) for T ) 300-2500 K.
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coefficients that are 10-40% larger than the microcanonical
rate coefficients for 300-2500 K, with larger errors at low
temperatures and for the allyl + Br reaction.

VRC-TST capture rate coefficients were also calculated with
the geometry dependence of the spin-orbit splitting neglected,
and the error associated with this simplifying approximation
will be discussed. Because the interaction energy is evaluated
relative to the reactants in the VRC-TST calculations, assuming
a constant spin-orbit splitting equal to its asymptotic value is
kinetically equivalent to neglecting the effect of the spin-orbit
splitting entirely (as in a calculation using a nonrelativistic
potential). We label rate coefficients calculated using this
approximation kSO

c , where “c” denotes a constant (geometry-
independent) spin-orbit splitting, and we note that kSO

c is equal
to the nonrelativistic rate k.

CH3 + F. VRC-TST rate coefficients for CH3 + F association
for several treatments of spin-orbit splitting are shown in Figure
4a. The kinetic effect of explicitly considering the geometry
dependence of spin-orbit splitting may be quantified by
comparing kSO with kSO

c , where the use of a constant spin-orbit
splitting artificially increases the predicted rate by only 10-13%.
As seen in Figure 1, RCVT* ) 3.2-4.5 Å for 300-2500 K, and
the spin-orbit splitting varies from 0.9 to 0.2 of its asymptotic
value over this dynamically important region of the potential
energy surface. (Note that, because the microcanonical varia-
tional optimizations were used to calculate kSO, the kinetically
relevant region of the potential energy surface is somewhat
broader than the region indicated by RCVT* .) The small magnitude

of the spin-orbit splitting for F corresponds to relative changes
in the interaction potential ∆ of only 9-30% for RCF ) 3.2-4.5
Å (cf. Figure 3), which is similar but somewhat greater than
the magnitude of the observed kinetic effect.

The use of eq 2 to correct the nonrelativistic rate results in a
significant error at room temperature (40%) and a qualitatively
incorrect temperature dependence, as seen in Figure 4a. Clearly,
the use of the atomic spin-orbit energy correction in eq 2
overcorrects the nonrelativistic rate at low temperatures. A more
useful correction for barrierless reactions is given by eq 3, and
such an approach is practical so long as C(T) can be reliably
estimated. Figure 4a shows the improved result of applying eq
3, where

which can be readily obtained from the results of the VRC-
TST calculations and the spin-orbit splittings along the reaction
path shown in Figure 1. The success of eqs 3 and 5 suggests
that spin-orbit effects are perturbative for the CH3 + F reaction,
but that corrections less than the maximum asymptotic correction
(as in eq 2) are required for accurate barrierless kinetics.

Next, we compare the error identified with the neglect of the
geometry dependence of the spin-orbit splitting with other
sources of error present in the evaluation of the interaction
potential, namely, the use of finite basis sets and limited active
spaces. To evaluate the basis set sensitivity of the predicted
rate coefficient, the CH3 + F interaction energy was computed
along the minimum energy path for association for the cc-pVDZ,
aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ basis sets and
the (6e,4o) active space. The complete basis set (CBS) limit28

was estimated from aug-cc-pVTZ and aug-cc-pVQZ calcula-
tions. The results are shown in the inset of Figure 2. The CBS
interaction energy is less attractive than the aug-cc-pVDZ
interaction energy along the minimum energy path by 3-10%
for RCF ) 3.2-4.5 Å. The cc-pVDZ interaction energy is
significantly less attractive than the aug-cc-pVDZ interaction
energy (by 60-20% for RCF ) 3.2-4.5 Å). A contour plot of
the CH3 + F interaction potential in a plane perpendicular to
the methyl radical is shown in Figure 5a for the CASPT2/aug-
cc-pVTZ method. As shown in Figure 5b, the aug-cc-pVTZ
and aug-cc-pVDZ basis sets predict very similar interaction
energies, whereas the interaction energy for the cc-pVDZ basis
set is again much less attractive (cf. Figure 5c).

The less attractive cc-pVDZ surface suggests that it will
significantly underestimate the rate. We find, however, that the
VRC-TST rate coefficient computed using the cc-pVDZ basis
set is lower than the aug-cc-pVDZ result by only ∼5%. This
result is due to the presence of spurious wells in the cc-pVDZ
surface (as seen in Figure 5c at Y ) 0 and Z ) (7 au), resulting
in a cancellation of errors in the computed rate coefficients, as
was observed for the isoelectronic CH3 + OH reaction.3 The
cc-pVDZ basis set is not considered further.

The sensitivity of the predicted results to the choice of active
space in the CASPT2 calculations was also considered. Using
an FV active space (14e,11o) and the aug-cc-pVDZ basis set,
the interaction energy along the minimum energy path differs
from the minimal active space (6e,4o) result by -4 to 20% for
RCF ) 3-4.5 Å, as shown in Figure 2.

Taken together, errors in the interaction energy resulting from
the use of an incomplete basis set and a limited active space
may be expected to have a combined upper limit of ∼30%,

Figure 4. (a) VRC-TST CH3 + F capture rate coefficient kSO (solid
black). Also shown are the rate coefficients calculated assuming a
constant spin-orbit interaction kSO

c (solid blue), correcting kSO
c using

eqs 2 (dashed black) and 3 (dotted black), and using one-dimensional
correction potentials (CP) to approximate the complete basis set (CBS)
limit (green X) and an FV active space (black +). (b) VRC-TST (black)
and RRHO (blue) rate coefficients. Short range (SR) calculations with
restricted sets of dividing surfaces for both methods are shown as dashed
lines. The previous theoretical result of Wang et al.14 is shown in red,
and the experimental result of Beiderhase et al.13 at 300 K is indicated
by a circle.

C(T) ) 1 -
εSO(RCVT* (T))

ESO/3
(5)
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and in both cases the higher level treatments typically act to
make the relative potential less attractive and thereby decrease
the predicted rate coefficient. We estimated the effect of these
errors on the VRC-TST rate coefficient using a one-dimensional
correction potential scheme, as employed elsewhere.7,8 Briefly,
energies along the minimum energy path for association were
used to define one-dimensional CBS and FV active space
correction potentials, which were then used to correct VRC-
TST calculations carried out with a full-dimensional (6e,4o)
CASPT2/aug-cc-pVDZ potential energy surface. This scheme
assumes that the energetic effect of the increased basis set and
larger active space is insensitive to the orientation of the reacting
fragments.

We find that the CBS correction potential lowers the predicted
rate coefficient by only 2-6% for 300-2500 K, and the FV
correction potential lowers the predicted rate coefficient by 6%
at room temperature and increases the rate coefficient by 1% at
2500 K, as shown in Figure 4a.

This analysis suggests that the CASPT2/aug-cc-pVDZ method
with the (6e,4o) active space is sufficiently accurate for the CH3

+ F system. Furthermore, neglecting the geometry dependence
of the spin-orbit splitting is the largest of the three sources of
error considered here. That is, estimates of the finite basis set
error, limited active space error, and spin-orbit geometry
dependence error in the rate calculations are 2-6%, 1-6%, and

10-13%, respectively. The uncertainties in the predicted rates
are roughly 1/2 the relative changes in the interaction energies
due to these effects.

The experimental measurement of Beiderhase et al.13 for the
overall rate coefficient at room temperature is a factor of 2 larger
than the present prediction, but is in excellent agreement with
ref 14. Note, however, that the experimental measurement was
fairly indirect and was assigned an uncertainty of a factor of 2.
It is also worth noting that the experimental measurement is
really for the total rate coefficient and so some portion of the
apparent discrepancy between experiment and the present
predictions may be due to a contribution from a triplet
abstraction channel. This abstraction channel has a saddle point
that is very close to thermoneutral, and the calculations of Wang
et al.14 suggest that the rate coefficient for this channel is ∼1 ×
10-11 cm3 molecule-1 s-1 at room temperature. For complete-
ness, we have also predicted the rate coefficient for this channel
employing conventional TST (but with higher level energy
estimates), obtaining a value of 2.5 × 10-11 cm3 molecule-1

s-1 at room temperature. The temperature dependence for this
abstraction rate coefficient is well fit by the expression 1.76 ×
10-11 (T/298 K)1.51 exp(99 K/T) cm3 molecule-1 s-1 for T )
200-2000 K.

The barrier height of 0.25 kcal/mol for this TST calculation
of the triplet abstraction rate coefficient was obtained at the
CCSD(T)/CBS//CCSD(T)/cc-pVQZ level (from CCSD(T)/cc-
pV5Z and CCSD(T)/cc-pV6Z calculations) and included cor-
rections for higher excitations (-0.25 kcal/mol from CCSDTQ(P)/
cc-pVDZ and CCSDT(Q)/cc-pVTZ results) and for core-valence
correlation (0.04 kcal/mol from CCSD(T)/CBS estimates based
on cc-pCVTZ and cc-pCVQZ results). The vibrational frequen-
cies were obtained at the CCSD(T)/aug-cc-pVTZ level. The
CCSDT(Q) and CCSDTQ(P) calculations employed the MRCC
module of Kallay.29,30

The present prediction for the overall rate coefficient at room
temperature is 8.5 × 10-11 cm3 molecule-1 s-1, with 30% of
this coming from the triplet abstraction channel. This prediction
is in good agreement with the experimental measurement of 11
× 10-11 cm3 molecule-1 s-1 and is well within the combined
theoretical and experimental uncertainties. At room temperature,
this prediction for the triplet abstraction rate coefficient is
uncertain by a factor of ∼2-3, due to uncertainties in the barrier
height (∼0.5 kcal/mol) and in the lowest frequency bending
mode (roughly, a factor of 1.5). In contrast, the uncertainties in
our capture rate predictions are much smaller, perhaps as small
as 20%, due to the basis set and active space effects discussed
above, with some additional uncertainty due to the extent of
any dynamical effects arising from the spin-orbit interaction.

The predicted rate coefficient kSO is largely independent of
temperature, as seen in Figure 4. At temperatures above 400
K, the present theoretical predictions are in fair agreement with
the previous ones of Wang et al.14 In contrast, the present result
differs markedly from the previous prediction of Wang et al.14

(reproduced in Figure 4b) for the capture rate coefficient at low
temperatures, with the latter showing a significant increase in
the rate coefficient at temperatures below 400 K. (Note that, in
discussing the results of Wang et al.,14 we consider only their
MRCI//CASSCF predictions, since CCSD(T) calculations for
radical-radical interactions at long-range are known to be
inaccurate.) It is interesting to consider further the source of
the discrepancy between the predicted temperature dependence
of the VRC-TST method and the previous theoretical result for
the association reaction. We identify three significant differences

Figure 5. (a) Two-dimensional contour plot of the CASPT2/aug-cc-
pVTZ CH3 + F interaction potential in a plane perpendicular to the
methyl radical. Difference potentials for the (b) CASPT2/aug-cc-pVDZ
and (c) CASPT2/cc-pVDZ methods relative to CASPT2/aug-cc-
pVTZ are also shown. The blue contours are negative, the red
contours are positive, and the black line is the zero contour. The
contour spacing is 1 kcal/mol for (a) and 0.2 kcal/mol for panels b
and c. 1 au ) 0.529 Å.
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between the present theoretical approach and the one employed
in ref 14, as discussed next.

First, the present calculations employ an interaction potential
obtained at the CASPT2/aug-cc-pVDZ level of theory, whereas,
in the previous theoretical study, the Davidson-corrected mul-
tireference configuration interaction (CAS+1+2+Q or MRCI+Q)
method with the aug-cc-pVTZ basis set was used. We previously
observed that the CASPT2 and CAS+1+2+Q methods give
similar results for barrierless association reactions,7,31 and it is
not clear which method may be considered more accurate in
general. Although CAS+1+2+Q may be considered more
theoretically rigorous, CASPT2 is size extensive, which may
be important for characterizing transition states at large fragment
separations. We have verified that the CAS+1+2+Q/aug-cc-
pVTZ and CASPT2/aug-cc-pVDZ methods predict similar
energetics along the mininum energy path for association for
the present system; the CAS+1+2+Q surface is actually
10-15% less attractive than the CASPT2 surface for RCF )
3-4.6 Å, which should yield a lower rather than higher rate
coefficient.

The second significant difference between the present treat-
ment and that of ref 14 is in the treatment of the number of
states for the transition state. In ref 14, the rigid rotor/harmonic
oscillator (RRHO) approximation was used. In the present VRC-
TST calculations, the RRHO approximation was used for the
internal degrees of freedom of CH3, but the number of states
associated with the transitional degrees of freedom was evalu-
ated classically and with full anharmonicity and mode couplings.

To more directly compare these approximations, we carried
out RRHO calculations along the minimum energy path for
association at the CASPT2/aug-cc-pVDZ level of theory, which
is the same level of theory used to evaluate the interaction
potential in the present VRC-TST calculations. Spin-orbit
splitting was neglected in the computation of the harmonic
frequencies, but was included in the relative energies of the
transition state species. Transition state dividing surfaces with
C-X separations of 2-5 Å were included in the RRHO
calculations, and the results were verified to be converged with
respect to these limits. The resulting microcanonical RRHO rate
coefficient is in excellent agreement with the VRC-TST result
for 300-2500 K, as shown in Figure 4b. The present RRHO
calculation does not show the significant negative temperature
dependence reported in ref 14.

The third and final difference between the two theoretical
treatments is the range of dividing surfaces considered. The
RRHO calculations reported in ref 14 were variationally
optimized at the microcanonical level, but the range of transition
state dividing surfaces considered in the variational optimization
was determined from CVT calculations. Specifically, transition
state dividing surfaces with RCF ) 2.8-3.0 Å were considered
in ref 14. In the present calculation, the CVT dividing surfaces
in the RRHO calculation occurred for RCF ) 3-3.7 Å for
300-2500 K. Microcanonically optimized RRHO and VRC-
TST rate coefficients were obtained for sets of dividing surfaces
restricted to 3-3.7 Å, and, in both cases, the rate coefficient is
significantly increased at temperatures below ∼600 K, as seen
in Figure 4b. These results suggest that the temperature
dependence reported in ref 14 is an artifact of this restriction
of dividing surfaces.

The excellent agreement between the present RRHO and
VRC-TST predictions is perhaps surprising. Although the
predicted thermal rate coefficients are very similar, the methods
differ significantly in the dynamical details of their predictions.
In Figure 6, the reactive flux N is plotted along the reaction

coordinate RCF for several total energies and for 5p total angular
momentum for the RRHO and VRC-TST methods. The RRHO
and VRC-TST methods predict qualitatively different fluxes
along the reaction coordinate, with the VRC-TST fluxes showing
less dependence on fragment separation for large values of RCF.
There are significant differences in the fluxes predicted by the
two methods at short fragment distances as well.

We may interpret the curves in Figure 6 as follows. The
harmonic frequencies associated with the two bound transitional
modes vary from 473 cm-1 at RCF ) 2.5 Å to only 27 cm-1 at
RCF ) 5 Å. One may question the appropriateness of the HO
approximation for such low frequency modes, which are
typically highly anharmonic. In Figure 6, the RRHO method is
seen to predict significantly higher fluxes than the VRC-TST
method at long fragment separations, which suggests a failure
of the RRHO method for these low frequency modes.

At short separations, the geometry of the CH3 fragment begins
to distort from its isolated structure. The frequency of the CH3

umbrella motion is unperturbed from its isolated value (547
cm-1) for distances larger than ∼3.5 Å and is increased to 974
cm-1 at RCF ) 2.5 Å. The frequencies associated with the
remaining CH3 internal degrees of freedom are largely un-
changed over this region of the minimum energy path for
association. Fragment distortion has two typically opposite
effects on the flux: the frequencies of the conserved modes
increase relative to their asymptotic values (which decreases
the flux) and the interaction becomes more attractive (which
increases the flux). Fragment distortion is included in the RRHO
calculations but is neglected in the present implementation of
VRC-TST. Figure 6 suggests that the VRC-TST method may
underestimate the flux at short separations, as compared with
the RRHO result.

The errors in the fluxes identified above affect the predicted
thermal rate coefficients only if these errors change the value
of the variationally optimized fluxes. Remarkably, the variation-
ally optimized fluxes (i.e., the minima in the curves shown in
Figure 6) have similar values for the RRHO and VRC-TST
methods (although the RRHO values are 10-40% larger than
the VRC-TST ones for the curves shown in Figure 6), despite
occurring at significantly different fragment separations. The
variationally optimized RRHO fluxes occur at shorter bond
separations than those for the VRC-TST method. This tendency

Figure 6. VRC-TST (solid) and RRHO (dotted) microcanonical fluxes
for 5p total angular momentum and for several total energies E along
the minimum energy path for CH3 + F association. The lowest curves
of each type are for E ) 100 cm-1, and the other curves in each series
correspond to twice the total energy of the curves below them. The
highest energy curve of each type is for E ) 12800 cm-1. The circles
denote the approximate variational minima for each curve, i.e., k(E,J
) 5p). The ordinate axis is logarithmic.
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is reflected in the range of CVT dividing surface separations:
3.2-4.5 Å for VRC-TST and 3-3.7 Å for RRHO. The resulting
RRHO and VRC-TST microcanonically optimized thermal rate
coefficients are therefore found to be similar, despite these
significant dynamical differences.

The qualitative trends appearing in Figure 6 may be expected
to be general, although the near numerical equivalence of the
minima in the fluxes is unlikely. The dynamical differences
between the RRHO and VRC-TST methods have important
consequences in the present context of spin-orbit coupled
systems. Specifically, the magnitude of the spin-orbit splitting
may be significantly different at the RRHO and VRC-TST
dividing surfaces, which may influence the predicted kinetics.
We have already shown that spin-orbit splitting has a minor
effect on the VRC-TST rate coefficient for the CH3 + F reaction,
but these dynamical differences may have more important
kinetic implications for other spin-orbit coupled systems.

Product branching in the CH3 + F reaction and CH3F
dissociation was previously characterized in detail theoretically.14

The present revision of the capture rate coefficient could have
an effect on the predicted rate coefficients, especially at low
temperatures. A full characterization of the CH3 + F reaction
is beyond the scope of the present work.

CH3 + Cl. The VRC-TST capture rate coefficient for the CH3

+ Cl association reaction is 7-10 × 10-11 cm3 molecule-1 s-1

for 300-2500 K. The basis set and active space sensitivity of
the predicted rate coefficient are expected to be minor, as
discussed in detail for the CH3 + F reaction, and are not
considered here. When spin-orbit splitting is neglected, the
VRC-TST prediction for the rate coefficient is increased by
10-13% over this temperature range.

The magnitude of this effect is similar to that observed for
the CH3 + F reaction, despite the larger spin-orbit splitting
associated with Cl. Although the CH3Cl complex is less strongly
bound than the CH3F complex, at long-range the minimum
energy path for the CH3 + Cl case is more attractive than for
the CH3 + F case (cf. Figure 2). Thus, the CVT transition state
dividing surfaces for the CH3 + Cl reaction occur at larger C-X
separations than for the CH3 + F reaction, as show in Figure 1.
As a result, over the kinetically important region of the potential
energy surface (RCVT* ) 4.0-5.3 Å) ∆ is only 20-28%, similar
to that for the CH3 + F reaction (cf. Figure 3). Again, the effect
of spin-orbit splitting on the rate coefficient is roughly 1/2 the
energetic perturbation ∆.

The accuracy of the a posteri corrections in eqs 2 and 3 is
qualitatively similar to the accuracy of these corrections for the
CH3 + F reaction. Due to the larger atomic spin-orbit splitting,
the simple approximation in eq 2 is even less accurate for the
CH3 + Cl reaction than for the CH3 + F reaction at low
temperatures, with an error at room temperature of 70%. The
error associated with the use of eqs 3 and 5 is only ∼7%, which
is somewhat less than the error due to neglecting spin-orbit
effects entirely.

The CH3 + Cl capture rate coefficient was previously
calculated2 using VRC-TST and the CAS+1+2+Q/aug-cc-
pVTZ potential energy surface. In the previous work, a more
approximate treatment of the spin-orbit splitting was employed.
The spin-orbit splitting was assumed to be a one-dimensional
step function of RCCl centered at 4 Å. The results were observed
to be very sensitive to the choice of the center of the step
function. In Figure 1, we see that for a wide temperature range
1300-2500 K, the canonical dynamical bottleneck occurs at
∼4 Å, which explains the observed sensitivity. The present
calculations are in good agreement with the previous calculation

at low and high temperatures, although the two methods
predict somewhat different temperature dependences. The
present explicit treatment of the spin-orbit splitting is
expected to be more accurate. We note that the present
improvement of the CH3 + Cl capture rate coefficient does
not significantly affect the accuracy of the predicted low
pressure limit rate coefficients presented and compared with
experimental measurements in ref 2.

CH3 + Br. The VRC-TST capture rate coefficient for the
CH3 + Br reaction is 0.9-1.3 × 10-10 cm3 molecule-1 s-1 for
300-2500 K. If spin-orbit splitting is neglected, the predicted
rate coefficient is increased by only 5-10%. Although the
spin-orbit splitting associated with the Br atom is significant,
RCVT* ) 3.7-5.3 Å for 300-2500 K, and the spin-orbit splitting
deviates relatively little from its asymptotic value over this
kinetically important region of the potential energy surface.
Specifically, ∆ for RCBr ) 3.7-5.3 is ∼27-34% (cf. Figure 3).
This small deviation is again related to the increased long-range
attractiveness and correspondingly larger transition state separa-
tions. The more gradual change in εSO as a function of RCBr (cf.
Figure 1) also contributes the smallness of ∆.

The use of eq 2 to correct kSO
c results in major errors at low

temperatures; at 300 K, the rate is underestimated by eq 2 by a
factor of 200. The corrected rate obtained using eqs 3 and 5 is
only 10% lower than kSO, which is similar to the error associated
with neglecting the geometry dependence of spin-orbit splitting
entirely.

The rate coefficient for the CH3 + Brf CH3Br reaction was
previously measured15 relative to that for methyl recombination
at room temperature and from 1-100 bar He. The extrapolated
high pressure limiting rate coefficient obtained in that study (1.19
( 0.25 × 10-10 cm3 molecule-1 s-1) is 36% larger than the
present value (8.75 × 10-11 cm3 molecule-1 s-1), which is just
within the combined experimental and theoretical uncertainties.

Closer agreement between the present theory and previous
experiment is obtained by considering the pressure dependence
of the CH3 + Brf CH3Br reaction. Preliminary master equation
simulations demonstrate that the finite pressure data from ref
15 may be reproduced accurately using the present theoretical
capture rate. We note that the present reinterpretation of the
experimental results avoids the unusual pressure dependence
suggested by the original analysis, as pointed out elsewhere.2

Finally, we note that the CH3 + Br rate coefficient was
measured relative to that of CH3 + CH3, which was assumed
in ref 15 to have the high pressure limiting value of 6.5 × 10-11

cm3 molecule-1 s-1. A recent VRC-TST calculation8 predicts
this rate to be ∼30% lower (4.6 × 10-11 cm3 molecule-1 s-1),
which may indicate a corresponding adjustment to the rate for
CH3 + Br. The ratio of the VRC-TST rate coefficients for CH3

+ Br and CH3 + CH3 at 300 K (1.8) is in agreement with the
measured value of Kransoperov et al. (1.65 ( 0.26 at 100 bar).

III.C. Allyl Radical-Halogen Atom Reactions. CH2CHCH2

+ F. The VRC-TST capture rate coefficient for the CH2CHCH2

+ F reaction is 7-9 × 10-11 cm3 molecule-1 s-1 for 300-2500
K. The rate for F addition to allyl radical is ∼20% faster than
the rate for F addition to CH3, indicating that the steric hindrance
of the bulkier allyl radical is offset by the availability of the
two reactive carbons and the stronger dispersion interactions.
The CVT dividing surfaces for the allyl reaction occur at RCVT*
) 2.8-3.8 Å, and these separations are 0.4-0.7 Å shorter than
RCVT* for the CH3 + F reaction. This observation is consistent
with the shorter-ranged transition states identified previously
for the reactions of resonantly stabilized radicals with H atoms
relative to H atom addition to other radicals.9
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If the geometry dependence of the spin-orbit splitting is
neglected, the predicted rate coefficient is increased by only
∼5% for 300-2500 K, which is somewhat less than ∆ )
7-20% for RCVT* ) 2.8-3.8 Å. Although ∆ is not predictive of
the quantitative effect on the rate coefficient (it is generally too
high), ∆ correctly predicts the trend that the effect of spin-orbit
splitting will be less significant for the allyl reaction than for
the methyl reaction.

The use of eqs 2 and 3 results in relative errors very similar
to those discussed above for the CH3 + F reaction. Again, eq
2 introduces considerable error at low temperatures, and the
error associated with eq 3, which is only ∼10%, is similar to
the error introduced by assuming a geometry-independent
spin-orbit splitting.

CH2CHCH2 + Cl. The VRC-TST capture rate coefficient for
the CH2CHCH2 + Cl reaction is 9-10 × 10-11 cm3 molecule-1

s-1 for 300-2500 K, which is very close to the rate for Cl
addition to CH3. If the geometry dependence of the spin-orbit
splitting is neglected, the predicted rate coefficient is increased
by only ∼5% for 300-2500 K. The value of ∆ for this system
is 4-20% for RCVT* ) 3.2-5.2 Å. The error from the use of eq
2 is 70% at room temperature and decreases with increasing
temperature, and the error associated with eqs 3 and 5 is ∼10%.
The accuracy of these simple models for the allyl + Cl reaction
is very similar to that for the CH3 + Cl reaction.

CH2CHCH2 + Br. The VRC-TST capture rate coefficient
for the CH2CHCH2 + Br reaction is 5-7 × 10-11 cm3

molecule-1 s-1, and, at high temperatures, the rate is a factor
of 2 lower than the rate for Br addition to CH3. The CVT
dividing surfaces for 300-2500 K show an abrupt change in
the dynamical bottleneck around 500 K, as shown in Figure 1.
At higher temperatures, the CVT dividing surfaces for the
CH2CHCH2 + Br reaction occur at significantly shorter fragment
separations than those observed in the CH3 + Br reaction.

If the geometry dependence of the spin-orbit splitting is
neglected, the predicted rate coefficient is increased by 37-102%
for 300-2500 K, which is significantly greater than the effect
observed for the other reactions considered here. This result
cannot be explained by ∆, which for this system is only 17-24%
for RCVT* ) 3.2-6.7 Å and is similar in magnitude to the other
reactions.

The use of the simple correction in eq 2 leads to significant
errors, especially at low and moderate temperatures, as observed
for the CH3 + Br reaction. Equation 3 is more accurate, but the
error remains significant (∼40%) up to 500 K. We conclude
that the perturbative corrections in eqs 2 and 3 are not enough
to explain the significant effect that the geometry dependence
of the spin-orbit splitting has on the predicted rate coefficients
for this reaction, particularly at low temperatures.

As shown in Figure 1, the CVT dividing surfaces for the kSO

and kSO
c calculations differ significantly from one another for

the CH2CHCH2 + Br reaction, with RCVT* differing by 0.5-1.5
Å for 500-2000 K. This is in contrast to the other reactions
considered here, where RCVT* values were very similar for the
two sets of calculations. Apparently, the increased steric
interactions and the asymptotically large spin-orbit interaction
(with a corresponding possibility for a large reduction at short
range) combine to make a sharp transition to a short transition
state separation of about 3 Å for this allyl + Br case. We
conclude that the explicit consideration of the geometry
dependence of the spin-orbit splitting qualitatively changes the
shape of the CH2CHCH2 + Br potential energy surface in the
dynamically relevant region, giving rise to a nonperturbative
change in the predicted kinetics. This nonperturbative change

is not well described by the simple models in eqs 2 and 3, and
a full dynamical treatment is required.

Bedjanian et al.16 determined the room temperature rate for
CH2CHCH2 + Br addition in their study of the reactions of Br
with propene. Their value of 2.0 ( 0.5 × 10-10 cm3 molecule-1

s-1 is a factor of 3 larger than the present theoretical value. We
note that the experimental study assumed a rate for allyl
recombination of 1.1 × 10-11 cm3 molecule-1 s-1, and experi-
mental32 and recent theoretical10 determinations of the rate for
allyl recombination are roughly 3 times larger. The use of a
lower rate for allyl recombination may have resulted in increased
rates for allyl + Br, although their analysis shows their results
to be insensitive to the self-recombination rate. Finally, we note
that dynamical spin-orbit coupling (i.e., electronic transitions
due to spin-orbit coupling), which is neglected here, may be
significant for this reaction.

III.D. Trends in the Alkyl Radical-Halogen Atom As-
sociation Kinetics. The rate coefficients for halogen addition
to CH3 and CH2CHCH2 are typically of similar magnitude
despite the significantly different nature of the hydrocarbon
radicals. This trend may also be observed in the VRC-TST
predictions for rates for H addition to CH3 and CH2CHCH2,7,9

which differ from one another by less than 15%. The increased
steric repulsion of the bulky allyl fragment is largely offset by
the presence of two reactive carbon atoms instead of one and
the increased dispersion interactions. Br addition is the excep-
tion, where the rate for addition to the allyl radical is a factor
of 2 less than that for addition to methyl. This difference is
apparent only when the geometry dependence of the spin-orbit
splitting is explicitly considered, as discussed above. If the
geometry dependence of the spin-orbit splitting is neglected,
the rates for Br addition to allyl and methyl differ by less than
5%.

Halogen atom addition is 3-6 times slower than H atom
addition for both the methyl and allyl radicals. The rates for
the CH3 + X reactions are similar in magnitude to the CH3 +
OH addition rate,3 with similarly minor temperature dependence.
No significant trends emerge in the hydrocarbon radical-halogen
atom addition rates with respect to the three halogen atoms
considered here. The rates for Cl addition to CH3 and
CH2CHCH2 are 20-50% faster than those for F addition. Br
addition is faster than F addition for CH3 but is slower than F
addition for CH2CHCH2.

IV. Conclusions

VRC-TST rate coefficients were calculated for the CH3 + X
and CH2CHCH2 + X (X ) F, Cl, and Br) association reactions.
The energetic role of spin-orbit splitting on the predicted rate
coefficients was considered in detail. The region of the potential
energy surface where the spin-orbit coupling varies most
strongly was shown to occur over the same range of fragment
separations where the important dynamical bottlenecks for
association occur.

For each system, two sets of rate calculations were performed.
In one, the geometry dependence of the spin-orbit splitting was
explicitly considered, and, in the other, the spin-orbit splitting
was assumed to be constant and equal to the spin-orbit splitting
of the isolated halogen atom. The neglect of the geometry
dependence of the spin-orbit splitting systematically increased
the predicted rate coefficient but the effect was typically a minor
one (5-15%) and was roughly 1/2 of the relative change in the
interaction energy near the dynamical bottlenecks for associa-
tion. This effect is small, but it may be expected to be somewhat
larger than errors in the calculation associated with the use of
finite basis sets and limited active spaces.
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The minor effect of spin-orbit splitting on the calculated
rate was rationalized in terms of a modified Boltzmann-weighted
energetic correction (eq 3), and such a simple model provided
good results for five of the six reactions so long as the energetic
correction was determined at the variational transition states and
a temperature-dependent energy splitting less than the atomic
splitting was used. The error associated with eq 3, however,
was found to be similar to that obtained by neglecting spin-orbit
effects entirely (∼10%).

The other limiting assumption of zero spin-orbit splitting
in the transition state region (eq 2) yields much larger errors
and should generally be avoided for radical-radical reactions.

The allyl + Br reaction was not well described by the simple
perturbative model. The effect of explicitly calculating the
spin-orbit splitting was significant, decreasing the rate coef-
ficient by as much as a factor of 2. The dynamical bottlenecks
for the allyl + Br reaction occur over a large range of fragments
separations and were found to be significantly shifted toward
shorter fragment separations by the spin-orbit splitting. We
concluded that the kinetic effect of spin-orbit splitting on the
allyl + Br rate was therefore not perturbative, with a full
treatment of the geometry dependent spin-orbit splitting
required for accurate results.

The treatment of the CH3 + F barrierless transition state was
considered in detail. The thermal rate coefficient predicted by
the RRHO method was shown to agree well with the VRC-
TST rate coefficient, as long as dividing surfaces at sufficiently
large fragment separations were included in the microcanonical
variational optimizations. The two methods predicted signifi-
cantly different dynamical details, however. At the large
fragment separations associated with low temperature (below
∼500 K) dynamical bottlenecks, the presence of low frequency
modes (∼20 to 100 cm-1) in the transition state species caused
the RRHO method to greatly overestimate the density of states.
At the shorter fragment separations associated with the high
temperature dynamical bottleneck, the absence of geometry
relaxation caused the VRC-TST method to underestimate the
flux. These tendencies caused the RRHO method to predict CVT
dividing surfaces over a much narrower and shorter range of
fragment separations than predicted by the VRC-TST method.
These differences could have important implications for kinetics
calculations involving geometry dependent properties such as
spin-orbit splitting, although a significant difference in the
thermal rate coefficient for the RRHO and VRC-TST methods
was not observed here for the CH3 + F reaction.

In this work, we considered the energetic effect that the
spin-orbit splitting associated with halogen atoms has on the
hydrocarbon radical-halogen atom association kinetics. We did
not consider the dynamical effect of spin-orbit coupling, and
the present analysis assumes that the association reactions occur
exclusively on the ground state potential energy surface. In
future work we will consider the dynamical effect of spin-orbit
coupling on hydrocarbon radical-halogen atom association rate
coefficients using non-Born-Oppenheimer molecular dynam-
ics.33 Dynamical effects may be particularly important for Br
and Cl.
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